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Abstract
The main issues related to the atmospheric pollution are the stratospheric ozone depletion, the transboundary air
pollution, the troposphere air quality and the climate change. The three last decades have seen the birth of sever-
al measures for the atmosphere safeguard. Agricultural activities play a key role in determining, preventing and mit-
igating atmospheric pollution.
The emission to atmosphere of different ozone-depleting substances is regulated by the Montreal Protocol. The role
of agriculture activity in ozone depletion is linked to the utilization of methyl bromide as soil sterilant and to the
emission of nitrogen oxides and nitrous oxide, from agricultural soils.
The Convention on long-range transboundary air pollution regulates the emission of several pollutants, i.e. sulphur
dioxide, nitrogen oxides, ammonia, non methane volatile organic compounds, carbon monoxide, heavy metals, per-
sistent organic pollutants, and tropospheric ozone. The agriculture sector is responsible for a large part of the emis-
sions of ammonia and nitrogen oxides, mainly through manure management and nitrogen fertilization, and of most
persistent organic pollutants, largely used in the past as insecticides and fungicides.
The increase of the greenhouse gases (GHGs) concentration in the atmosphere is under the control of the Kyoto
Protocol. Agriculture accounts for 59-63% of global non-CO2 GHGs emissions but at the same time it contributes
to the atmospheric CO2 concentration stabilisation through the substitution of fossil fuels by biofuels and the se-
questration of C in soil and vegetal biomass.
In this paper we provide an outline of the numerous scientific and legislative initiatives aimed at protecting the at-
mosphere, and we analyse in detail the agriculture sector in order to highlight both its contribution to atmospher-
ic pollution and the actions aimed at preventing and mitigating it.
Key-words: stratospheric ozone depletion, transboundary air pollution, climate change, greenhouse gases, agriculture
activity, regulations.
1. Introduction
Air pollution was defined as “the introduction
by man, directly or indirectly, of substances or
energy into the air resulting in deleterious ef-
fects of such a nature as to endanger human
health, harm living resources and ecosystems
and material property and impair or interfere
with amenities and other legitimate uses of the
environment” (CLRTAP, 1979).
Human activities are responsible of the emis-
sion to the atmosphere of several pollutant sub-
stances, that interact with environmental re-
sources and human health at different levels and
therefore are object of numerous regulations.
The earliest activity of mankind contributing to
the air pollution is agriculture, that since ancient
times has been altering the composition of the
atmosphere. However agriculture is one of the
few activities that can play the positive role of
reducing the impact of other emissions, recy-
cling or fixing some gases.
Under the coordination of the United Na-
tions Environment Programme (UNEP), creat-
ed in 1972 by the UN General Assembly, the
three last decades have seen the birth of sever-
al measures for the atmosphere safeguard.
It is rather difficult to recover a complete
and up-to-date picture concerning atmospheric
pollution. This paper sets the following objec-
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tives: i) to provide an outline of the numerous
scientific and legislative initiatives aimed at pro-
tecting the atmosphere; ii) to analyse in detail
the agriculture sector in order to highlight both
its contribution to atmospheric pollution and
the actions aimed at preventing and mitigating
it, specially focusing on climate change.
The main issues related to the atmospheric pol-
lution are:
1) the stratospheric ozone depletion,
2) the transboundary air pollution and low-tro-
posphere air quality, and
3) the climate change.
Table 1 lists the substances responsible of the
different types of atmospheric pollution, spe-
cially referring to the contribute of agricultural
activities.
2. Stratospheric ozone depletion
The first international treaty aiming at protect-
ing the atmosphere within UNEP was the Mon-
treal Protocol on Substances that Deplete the
Ozone Layer (UNEP, 1987). The signature of
this protocol was the result of a general warn-
ing engendered by the discovery of the Antarc-
tic ozone (O3) hole in the stratosphere by a re-
search group from The British Antarctic Survey
(Farman et al., 1985). The so-called ozone hole
is a reduction of the total column ozone over
Antarctica. Stratospheric O3 is in fact not mea-
sured in terms of concentration (that is normally
of a few parts per billion), but in terms of ozone
column thickness, expressed in Dobson Units
(one DU refers to a thickness of 10 µm at 1 atm
and 273.15 °K). The normal ozone levels are ob-
served to be around 300 DU.
The protocol parties (at present 191) have to
control and eventually annul the emission to at-
mosphere of different Ozone-Depleting Sub-
stances (ODSs), such as halogenate hydrocar-
bons (chlorofluorocarbons or freons, bromoflu-
orocarbons or halons), carbon tetrachloride,
methyl chloroform and methyl bromide, all con-
taining chlorine or bromine, both responsible of
stratospheric ozone layer depletion. The Mon-
treal Protocol stipulated that the production
and consumption of ODSs are to be phased out
by 2000 (2005 for methyl chloroform). At Eu-
ropean level, ODSs emissions are regulated by
Regulation 2037/2000/EC and its amendments.
Chlorofluorocarbons have been developed
during 1930’s as a non-toxic alternative to am-
monia and have been largely employed since
World War II as aerosol-spray propellants, re-
frigerants, solvents, and foam-blowing agents;
bromofluorocarbons were mainly used in fire
extinguishing systems; carbon tetrachloride was
widely exploited as a dry cleaning solvent, as a
refrigerant, and in fire extinguishers until 1940’s,
as a pesticide until 1970’s and for the produc-
tion of freon refrigerants prior to the Montreal
Protocol; methyl chloroform is an excellent sol-
vent for many organic materials and, prior to
the Montreal Protocol, it was used for cleaning
metal parts and circuit boards, as a photore-
sistent solvent in the electronics industry, as an
aerosol propellant, and as a solvent for inks,
paints, adhesives.
The role of chlorine compounds on O3 de-
pletion was firstly theorized by Molina and
Rowland (1974).
The role of agriculture activity in O3 deple-
tion is linked to the utilization of methyl bro-
mide, an excellent soil sterilant used for more
than 40 year as pre-plant soil fumigant for high-
value crops (Kabir et al., 2005); the phase-out
of methyl bromide has engendered the need to
explore valid alternatives, currently still in
progress (Rugutt et al., 2006). A further contri-
bution is also given by the emission of nitrogen
oxides and their precursor, nitrous oxide, from
agricultural soils.
The unnatural depletion of the Antarctic O3
observed in the last three decades must not be
confused with the natural decline of the O3 lay-
er over the two poles during winter and spring
due to climatologic reasons. The unique meteo-
rological conditions occurring in the polar
stratosphere at the beginning of springtime in-
cludes the presence of the polar vortex, that is
a tropospheric and stratospheric current, isolat-
ing a large mass of air over the two poles from
adjacent air masses. The polar vortex is more
pronounced during respective hemisphere win-
ter in both poles. Ozone column reduction is al-
so related to the extremely cold temperature
and the presence of Polar Stratospheric Clouds
(PSCs), that, through heterogeneous reactions,
catalyse the formation of chlorine from
ClONO2 and HCl and, due to the presence of
HNO3, prevent the reversibility of this reaction
(Hopfner et al., 2006). The occurrence of the
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ozone layer reduction is periodical and mainly
takes place during springtime, since the pres-
ence of sunlight catalyses O3 dissociation after
a long dark winter period.
This phenomenon is more accentuated over
the Antarctica than over the Artic. The differ-
ent land distribution rends in fact the South
Pole colder than the North Pole, and the dif-
ferent orography generates a greater air mixing
over the North Pole (Karentz and Bosch, 2001).
Ozone depletion has been later measured
everywhere outside the tropics (Staehelin et al.,
1998), even though the gravity of the phenom-
enon is minor than over Antarctica.
ODSs, once arrived to the stratosphere, are
broken down by the ultraviolet radiation, free-
ing chlorine and bromine, potentially able to in-
teract with the ozone molecules. As exhaustive-
ly described in the review by Solomon (1999),
ozone photolysis in the stratosphere was already
known during 1930’s, when Chapman (1930) first
observed the rapid interchange of ozone and
atomic oxygen: from the photolysis of ozone,
atomic oxygen is produced and nearly all the
atomic oxygen reforms the ozone in few seconds
(O3 + hν → O + O2 ; O + O2 → O3) and a very
small fraction of them can react with ozone form-
ing O2 (O + O3 → 2O2). Soon after it became
clear that other substances could chemically re-
act with the ozone in an analogous way as atom-
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Table 1. List of substances responsible of air pollution. Full cells indicate a contribution of the corresponding substance to
that type of pollution. Letters L (low), M (medium), and H (high) indicate the importance of the agriculture sector in the
emission of each substance.
Pollutant Description Stratospheric Trans- Low- Climate 
ozone boundary troposphere change
depletion air pollution air quality
Aerosols Sulphate aerosols, nitrate aerosols, L
organic aerosols, black carbon,
mineral dust aerosols
CH4 Methane H
CO Carbon monoxide M M
CO2 Carbon dioxide M
H2O Water vapour M
Heavy Metals Cadmium (Cd), Lead (Pb), Mercury (Hg) L L
N2O Nitrous oxide H H
NH3 Ammonia H
NMVOCs Non Methane Volatile Organic Compounds
(e.g. aldehydes, ketones, and hydrocarbons) L L
NOx Nitrogen oxides (NO, NO2) M M M
O3 Tropospheric ozone L L
ODSs Ozone Depleting Substances L L
(chlorofluorocarbons, bromofluorocarbons,
carbon tetrachloride, methyl chloroform and
methyl bromide)
OH- Hydroxyl radical L
PAN Peroxiacyl nitrates L
POPs Persistent Organic Pollutants (Aldrin, H
Chlordane, Chlordecone, DDT, Dieldrin,
Endrin, Heptachlor, HCH, Hexachlorobenzene,
Mirex, Toxaphene, Polychlorinated biphenyls
PCBs, Hexabromobiphenyl, Dioxins, Furans,
Polycyclic Aromatic Hydrocarbons PAHs)
SO2 Sulphur dioxide L L
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ic oxygen, such as for example the hydroxyl (OH-)
(Bates and Nicolet, 1950) and the nitric oxide
(NO) (Crutzen, 1970). Both these substances act
as catalyst of ozone destruction, but are not
themselves consumed (Taylor, 2005), therefore
small quantities are enough to interact with a
great amount of ozone. The following reactions
are possible: for OH-, OH + O3→ HO2 + O2; HO2
+ O3 → OH + 2O2; for NO, NO + O3 → NO2 +
O2; O +NO2 → NO + O2. Chlorine and bromine
were later identified as involved in a catalytic cy-
cle resulting in ozone destruction, following
these reactions: Cl + O3 → ClO + O2; ClO + O
→ Cl + O2 and Cl + O3 → ClO + O2; Br + O3
→ BrO + O2; BrO + ClO → Br + ClO2; ClO2
→ Cl + O2 (Stolarski and Cicerone, 1974; Yung
et al., 1980).
The stratospheric ozone absorbs specific
wavelength radiations and it is recognized that
its reduction does not only modifies the ther-
mal structure of the stratosphere and therefore
of the whole atmosphere (resulting in indeter-
minate environmental and climatic effects), but
also increases ultraviolet (UV) transmission, af-
fecting human, animal and plants health. UV is
strongly absorbed by superficial tissues and
damages eye and skin, inducing also severe dis-
orders, such as skin cancers (de Gruijl et al.,
2003). Furthermore the increased penetration of
UV in the troposphere results in additional pro-
duction of ground level ozone, which causes res-
piratory illnesses, as better described below. The
alteration of the amount of UV radiation reach-
ing the earth surface can alter the terrestrial and
aquatic ecosystems equilibrium (Shick et al.,
1996; Young, 1997).
As a result of the Montreal Protocol appli-
cation, the production and consumption of
ODSs have been drastically reduced if com-
pared with the baseline year (UNEP, 2005). Fol-
lowing data from US Environmental Protection
Agency (EPA), the ozone layer depletion
ceased since 1998 and the Antarctic ozone is
projected to return to pre-1980 levels by 2060
to 2075 (EPA, 2007).
3. Transboundary air pollution and low-tropos-
phere air quality 
3.1 Transboundary air pollution
In 1979, for the initiative of the United Nations
Economic Commission for Europe (UNECE),
34 governments and the European Community
signed the Convention on Long-Range Trans-
boundary Air Pollution (CLRTAP) (UNECE,
1979). At present, 51 countries in Europe, North
America and Asia have ratified the convention.
During its history, this convention, receiving sci-
entific support by EMEP (European Monitor-
ing and Evaluation Programme – Steering Body
to the Cooperative Programme for Monitoring
and Evaluation of the Long-range Transmission
of Air Pollutants in Europe), was extended by
eight different protocols identifying specific
measures to cut the emissions of different air
pollutants. The activities under the Convention
initially focused on reducing the effects of acid
rain through the reduction of sulphur dioxide
(SO2) (UNECE, 1985; UNECE, 1994) and ni-
trogen oxides (NOx) emissions (UNECE, 1988).
Later, the scope was widened to the control of
volatile organic compounds (VOCs) (UNECE,
1991), heavy metals (UNECE, 1998a) and per-
sistent organic pollutants (POPs) (UNECE,
1998b) and, more recently, the formation of
ground level ozone (photochemical smog) and
overall agents of acidification and eutrophica-
tion (UNECE, 1999). EMEP provides reports
on the emissions, concentrations and/or deposi-
tions of air pollutants, the quantity and signifi-
cance of transboundary fluxes.
The substances responsible of the trans-
boundary air pollution are: sulphur dioxide, ni-
trogen oxides, ammonia, non methane volatile
organic compounds, carbon monoxide, heavy
metals, persistent organic pollutants, and tro-
pospheric ozone.
Sulphur dioxide. Anthropogenic sulphur is
mainly released by the combustion of fossil fu-
els, but it is also produced in petroleum refine-
ment, in the production of heavy metals from
sulphidic ores, in the production of sulphuric
acid, paper and sulphur.
The agriculture activity is not significantly
involved in SO2 production, but is strongly in-
fluenced by it. The emission and successive de-
position of sulphur can in fact affect and dam-
age soils, forests and freshwaters, as originally
observed in northern Europe lakes during
1970’s (Hendrey and Wright, 1975; Oden, 1968).
Although the very first alarm linked with sul-
phur emissions was related to acidic depositions,
currently the interest is rather focused on hu-
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man health impact of the long-term exposure to
particulate sulphur and the cooling effect of sul-
phate aerosols (Myhre et al., 2004). SO2 (to-
gether with non methane VOCs, NOx and car-
bon monoxide) is also considered as a precur-
sor of the tropospheric O3. Besides the CLR-
TAP protocols (UNECE 1985; UNECE, 1994;
UNECE 1999), sulphur emissions are regulated
at European level by the National Emission
Ceilings (NEC) Directive 2001/81/EC (EC,
2001a). Upper limits for each Member State for
the total emissions in 2010 of the four pollutants
responsible for acidification, eutrophication and
ground-level ozone pollution, i.e. sulphur diox-
ide, nitrogen oxides, volatile organic compounds
and ammonia, are defined. NEC targets are
more ambitious than those of CLRTAP. These
and several other specific directives are listed in
Table 2.
At the European level, the total sulphur tar-
get for 2010 set in the Gothenburg Protocol
(UNECE, 1999) has apparently already been
met by 2004, but still half of the Parties have to
reduce further their sulphur emissions in order
to attain their individual emission target
(EMEP, 2004; Vestreng et al., 2007).
Nitrogen oxides. Nitrogen oxides (NOx = NO2
and NO) are mainly produced from air oxygen
and nitrogen during combustion in energy pro-
duction plants and in vehicles.
Agricultural soil are a potential source of
NO as a consequence of N fertilization (Mei-
jide et al., 2007). NO, as well as nitrous oxide
(N2O), is produced through nitrification and
denitrification; albeit it is clear that the factors
affecting its production are on the whole the
same (see below), the mechanisms leading to its
production are generally less investigated than
for N2O (Garrido et al., 2002; Pinto et al., 2004).
When dissolved in water, nitric oxide forms
nitric acid, thus being an agent of acidification
(Galloway and Likens, 1981). Furthermore, its
deposition can cause eutrophication, i.e. an un-
natural increase of N availability for the ecosys-
tems.
NOx emissions are regulated by the Protocol
of Gothenburg (UNECE, 1999) and the NEC
Directive (EC, 2001a) as agents of acidification
and eutrophication and precursors of tropos-
pheric ozone, by Directives limiting the emis-
sions from vehicles, dealing with stationary
source emissions, and protecting wild plants, an-
imals and habitats from eutrophication (Tab. 2).
The European emissions showed a down-
ward trend between 1980 and 2000, producing
a reduction of approximately 25 % (EMEP,
2004).
Ammonia. The largest source of ammonia
(NH3) emissions is the agriculture sector,
through the use of synthetic or biologically fixed
nitrogen (atmospheric nitrogen that has been
incorporated into a nitrogen-containing com-
pound by plants) and the manure management.
NH3 is released to the atmosphere from agri-
cultural soils because of the biological degrada-
tion of soil organic matter and the supply of
mineral and organic fertilizers, leading to high
availability of ammonium (NH4
+). The dynamic
equilibrium between NH4
+ and NH3 is function
of several factors, mainly physical, such as tem-
perature, cationic exchange capacity, pH, and
water content. Ammonium solubility in water is
reduced by high temperatures, thus resulting in
a high NH3 to NH4
+ proportion (Liu et al.,
2007); NH4
+ is retained on the negatively
charges of soil colloids, resulting in a negative
correlation between CEC and NH3 (Fenn and
Kissel, 1976); under elevated pH condition,
NH4
+ tends to turn into NH3 releasing H
+ ions
(Chantigny et al., 2004); soil moisture controls
both NH4
+ formation and volatilisation (Le
Cadre et al., 2005). The NH3 volatilisation is
lead by the difference in NH3 partial pressure
between the atmosphere immediately close to
soil surface and in soil atmosphere. As a result,
volatilisation is also controlled by the wind
speed and the atmospheric turbulences (Meyers
et al., 2006).
The management practices determining the
NH3 volatilisation include the choice of the type
of fertilizer and the fertilizer application
method. Among the most used mineral fertiliz-
ers the highest potential for volatilisation is that
of ammonium nitrate followed by urea; the low-
est values are those of anhydrous ammonia and
calcium nitrate (FAO and IFA, 2001). The rapid
incorporation of fertilizer into the soil, the use
of urease inhibitors, coupling N fertilizers with
phosphoric acids or the addition of zeolites are
as well indicated as NH3 losses reducing tech-
niques (Ahmed et al., 2006; Byrnes, 1990; Wat-
son et al., 1994).
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Table 2. Main international and European regulations dealing with air pollution.
Regulation Aims Substances
International regulations
Convention on Long-Range Limitation, reduction and prevention of air Those interested by 
Transboundary Air Pollution pollution including long-range transboundary the 8 Protocols
(UNECE, 1979) air pollution. It is articulted in 8 specific Protocols
Protocol of Helsinki (UNECE, 1985) Reduction of sulphur emissions or their SO2
under CLRTAP transboundary fluxes by at least 30 per cent
Protocol of Montreal (UNEP, 1987) Control of ozone-depleting substances ODSs
Protocol of Sofia (UNECE, 1988) Control of emissions of nitrogen oxides or NOx
under CLRTAP their transboundary fluxes
Protocol of Geneva (UNECE, 1991) Reduction of volatile organic compounds or NMVOCs
under CLRTAP their transboundary fluxes by at least 30 per cent
Protocol of Oslo (UNECE, 1994) Further reduction of sulphur emissions SO2
under CLRTAP
United Nation Framework Reduction of the emission of the greenhouse CO2, CH4, N2O,
Convention on Climate Change gases not included in the Protocol of Montreal HFCs, PFCs, SF6
(UN, 1992) and Protocol of Kyoto 
(UNFCCC, 1997)
Protocol of Aarhaus (UNECE, 1998a) Control of emissions of cadmium, lead and Cd, Pb, Hg
under CLRTAP mercury
Protocol of Aarhaus (UNECE, 1998b) Elimination of any discharges, emissions and POPs
under CLRTAP losses of POPs
Protocol of Gothenburg Further reduction of SO2, NOx, VOCs, NH3 SO2, NOx, VOCs,
(UNECE, 1999) under CLRTAP NH3, CO
Stockolm Convention (2001) Elimination of any discharges, emissions POPs
and losses of POPs
European directives or regulations
Directive 1970/220/EEC (EEC, 1970) Setting of the emission standards from CO, NMVOCs, NOx,
and its amendments (last one: light-duty vehicles PM
Directive 98/70/EC; EC, 1998)
Directive 1992/43/EC (EU Habitat Protect the wild plants, animals and habitats NOx, NH3
Directive) (EEC, 1992)
Directive 1994/63/EC (EC, 1994) Regulations of VOCs emissions from the VOCs
storage of petrol and its distribution from 
terminals to service stations
Directive 1999/13/EC (VOC Reduction of industrial emissions of volatile VOCs
Solvents Directive) (EC, 1999a) organic compounds
Directive 1999/30/EC (EC, 1999b) Limitations for SO2, NOx, PM and Pb SO2, NOx, PM 
(First Daughter Directve, from concentration in air (therefore NH3), Pb
Directive 1996/62/EC or Air Quality 
Framework Directive; EC, 1996a)
Directive 1999/32/EC (EC, 1999c) Reduction of sulphur content of certain liquid fuels SO2
Directive 2000/69/EC (EC, 2000b) Limitations for benzene and CO concentration Benzene (POP), CO
(Second Daughter Directive, from in air
Directive 1996/62/EC or Air Quality 
Framework Directive; EC, 1996a)
Directive 2000/76/EC (Waste Reduction emissions of pollutant to the SO2, NOx, heavy 
Incineration DirectiveEC, 2000a) environment (air, soil, surface water and metals, PM, (HCl),
groundwater) caused by the incineration and dioxines, furans
co-incineration of wastes
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Manure management, including storage and
field application, is responsible of significant
NH3 emissions. As for NH3 emitted by soils, the
key factors determining NH3 losses from ma-
nure storage are temperature and wind condi-
tions; furthermore manure composition and ma-
nure management are also crucial (Balsari et al.,
2007). Some technical improvement are possi-
ble, such as increasing animal N retention
through a correct diet, directly incorporating
manure into the soil, covering of the manure
storage, diluting or acidifying manure (Bussink
and Oenema, 1998).
NH3 emitted to atmosphere promptly reacts
with nitrate and sulphate (in their turn formed
by oxidation of NO2 and SO2) to form particu-
lates, prolonging its permanence in atmosphere
and being potentially transported elsewhere. It
is subsequently deposited to the land and water
as dry deposition of NH3 or dry and wet depo-
sition of NH4
+ (Asman and Vanjaarsveld, 1992).
NH3 is recognized as one of the many precur-
sors to both coarse and fine particulate matter
(PM), along with other gaseous precursors such
as NO, NO2, NMVOCs and SO2. When dissolved
in rainwater, it has tendency to increase rain pH,
but once in the soil, it can be nitrified and there-
fore induce soil acidification, even though this
source of acidification is considered less serious
than dry and wet deposition of free acids (Van
Breemen et al., 1982). Moreover, N deposition
(of NH3 and NOx) directly or indirectly con-
tributes to many other environment issues, such
as drink water quality, eutrophication of estuar-
ies, nitrate-induced toxic effects on freshwater
biota, changes in plant community composition,
disruptions in nutrient cycling, and increased
emissions from soil of nitrogenous greenhouse
gases (Fenn et al., 1998; Fenn et al., 2003).
NH3 emissions are regulated by the Protocol
of Gothenburg (UNECE, 1999) and, at Euro-
pean level, by the stationary source emissions
Directives, by the Habitat (EEC, 1992) and
NEC Directives (EC, 2001a) (Tab. 2).
Ital. J. Agron. / Riv. Agron., 2010, 5:79-101
85
Regulation 2037/2000/EC and its Control of ozone-depleting substances ODSs
amendments (EC, 2000c)
Directive 2001/80/EC (Large Reduction of emissions of acidifying pollutants, SO2, NOx
Combustion Plants Directive; particles and ozone precursors from large 
EC, 2001b) combustion plants
Directive 2001/81/EC (National Settings of upper limits for each Member State SO2, NOx, VOCs, NH3
Emission Ceilings Directive; for the total emissions in 2010 of the four 
EC, 2001a) pollutants responsible for acidification,
eutrophication and ground-level ozone pollution
Directive 2002/03/EC (EC, 2002) Limitations for O3 concentration in air O3
(Third Daughter Directive, from 
Directive 1996/62/EC or Air Quality 
Framework Directive; EC, 1996a)
Directive 2004/42/EC (Paints Limitations for the maximum VOC contents of VOCs
Directive; EC, 2004a) decorative paints and other products
Directive 2004/107/EC (EC, 2004b) Limitations for As, Cd, Hg, Ni and PAHs As, Cd, Hg, Ni, PAHs
(Fourth Daughter Directive, from concentration in air
Directive 1996/62/EC or Air Quality 
Framework Directive; EC, 1996a)
Directive 2005/55/EC (EC, 2005) Setting of the emission standards from CO, NMVOCs, NOx,
heavy-duty vehicles PM
Directive 2008/1/EC (Integrated Minimising pollution from various industrial SO2, NOx, VOCs,
Pollution Prevention and Control sources NH3, CO, heavy 
Directive-IPPC; EC, 2008) replacing metals, POPs
the Directive 1996/61/EC (EC, 1996b)
Regulation Aims Substances
European directives or regulations
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Following data from the last european CLR-
TAP inventory report, EU-15 countries on av-
erage reduced NH3 emissions by approximate-
ly 12% in the period 1990-2005 (EEA, 2007).
Non-Methane Volatile Organic Compounds.
Volatile Organic Compounds (VOCs) are or-
ganic compounds that have a high enough
vapour pressure under normal conditions to sig-
nificantly vaporize and enter the atmosphere;
several carbon-based molecules, such as aldehy-
des, ketones, and hydrocarbons are VOCs. The
main VOC is methane (CH4) while the others
are often defined as NMVOCs (Non-Methane
Volatile Organic Compounds).
Artificial sources of NMVOCs are paint and
dry cleaning solvents and petroleum fuels (ben-
zene, toluene, and xylene) and, indoor, photo-
copiers, furniture and other components treat-
ed with some substances (formaldehyde, tetra-
chloroethylene and trichloroethylene).
Agriculture contribution is quite limited, in-
cluding only the emissions of NMVOCs, such as
dimethyl sulphides, volatile fatty acids or phe-
nols, from animal manure (Hobbs et al., 2004).
Their hazard is mainly linked with human
health, since some of them are carcinogenic
(Boeglin et al., 2006) and particulate matter pre-
cursors. The risk for the environment is instead
related to the tropospheric ozone formation, of
which NMVOCs are precursors.
The emission to the atmosphere of these
substances is regulated by CLRTAP protocols
(UNCE, 1991; UNCE, 1999), the NEC Directive
(EC, 2001a), and by several other Directives
(Tab. 2).
Following data from the European Environ-
ment Agency (EEA), the EU15 emissions of
NMVOCs have been reduced by 32% between
1990 and 2001.
Carbon monoxide. Carbon monoxide (CO) is
formed when carbon-containing fuels are
burned incompletely and it is naturally oxidized
in atmosphere to CO2.
The contribution of the agriculture is relat-
ed to the soil-atmosphere CO exchanges, that
are the abiological production and the microbi-
ological consumption. The balance of these two
processes is prone to be modified by agricul-
tural practices. N fertilization and SOM-modi-
fying practices can act in both directions (Chan
and Steudler, 2006; Moxley and Smith, 1998).
CO is involved in the tropospheric O3 dy-
namics, with opposite effects: directly is one of
the O3 precursors, and indirectly reacts with
some atmospheric constituents, such as hydrox-
yl radical (OH-), that would otherwise destroy
ozone (and also methane) (Novelli et al., 1994).
Outdoor and indoor exposure to CO can lead
to severe consequences for human health (Chen
et al., 2007).
Its emissions are internationally regulated by
the Protocol of Gothenburg (UNECE, 1999)
and at European level by Directives dealing
with emissions from vehicles and from station-
ary sources (Tab. 2).
Heavy metals. Heavy metals (mainly cadmium,
lead and mercury) are produced from industri-
al processes, such as combustion of fossil fuels,
iron and steel industry, cement, glass and chlor-
alkali industry, waste incineration.
Albeit agriculture is not significantly in-
volved in heavy metals production, the related
effects interest this sector. Heavy metals have
in fact high toxicity and persistence in the en-
vironment, can accumulate in the soil, seriously
affecting microbial biomass and activity (Baath,
1989), water, air and plants and, through the
food chain, can alter animal and human health
(Jarup, 2003).
Their emissions to the atmosphere is regu-
lated by the CLRTAP Protocol of Aarhaus
(UNECE, 1998a) and its industrial production
by the Integrated Pollution Prevention and
Control (IPPC) (EC, 2008), and Waste Inciner-
ation (EC, 2000a) Directives (Tab. 2).
Persistent Organic Pollutants. Persistent Organ-
ic Pollutants (POPs) are 11 pesticides (Aldrin,
Chlordane, Chlordecone, DDT, Dieldrin, En-
drin, Heptachlor, HCH, Hexachlorobenzene,
Mirex, Toxaphene), two industrial chemicals
(Polychlorinated biphenyls PCBs and Hexabro-
mobiphenyl) and three by-products/contami-
nants (Dioxins, Furans, Polycyclic Aromatic Hy-
drocarbons-PAHs).
The agriculture has strongly contributed in
the past years to the emission of the majority
of these substances, largely used as insecticides
and fungicides.
They are found to resist photolytic, biologi-
cal and chemical degradation, have a high lipid
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solubility leading to bioaccumulation in fatty tis-
sues and move to long distances because of their
semi-volatility (Ritter et al., 2007). They have
been associated with both carcinogenic and en-
docrine disrupting effects in a range of biota (Li
et al., 2006).
They are regulated at international level by
the Convention of Stockholm (covering 12 sub-
stances) and by the Protocol of Aarhaus (cov-
ering 16 substances) (UNECE, 1998b). Their
production from punctual sources is regulated
at European level by the IPPC (EC, 2008),
Waste Incineration (EC, 2000a), and Paints (EC,
2004a) Directives (Tab. 2).
Tropospheric ozone. Tropospheric O3 and per-
oxyacyl nitrates (PAN) are the major compo-
nent of the photochemical smog. Tropospheric
O3 is formed from a complex set of chemical re-
actions involving ultraviolet radiation, NMVOCs,
NOx, and CO. This phenomenon occurs under
specific environmental conditions, specially the
sunlight and the absence of precipitations and
wind. The risk of photochemical smog is in-
creased by the reduction of stratospheric O3.
Tropospheric O3 concentration values are
based on simulation models driven by the emis-
sions of the precursors (NOx, CO, NMVOCs and
CH4) and the tropospheric O3 layer thickness.
The use of simulation models, e.g. ACCENT, is
necessary, due to the inadequate measurements
of tropospheric O3 concentration (Gauss et al.,
2006).
Tropospheric O3 concentrations show a sea-
sonal trend, becoming particularly high in sum-
mertime in regions with high emissions from
traffic and industry. During the day, O3 is build
up and peaks in the afternoon while at night-
time ozone concentrations decline.
Tropospheric O3 and PAN are responsible of
human diseases like asthma (Stieb et al., 1996),
and of injury to materials and to vegetation
(Fuhrer et al., 1997). Tropospheric O3 is also rec-
ognized as a greenhouse gas.
The regulation of the emission of these sub-
stances is included in the Protocol of Gothen-
burg and in the NEC Directive (Tab. 2).
3.2 Low-troposphere air quality
Most substances responsible of the transbound-
ary pollution have negative effects on human
health. The main international body involved in
combating low troposphere air pollution and
regulating air quality is the World Health Or-
ganization (WHO), a specialized agency of the
United Nations established in 1948. The specif-
ic WHO air quality program is responsible of
reviewing the scientific evidence on health ef-
fects of air pollution and publishing the global
“WHO Air Quality Guidelines” for a range of
air pollutants. This is the basis for the EU leg-
islation on air quality.
European Union carried out a complete re-
vision of the air quality legislation during 1990s,
resulting in the creation of the Air Quality
Framework Directive 1996/62/EC (EC, 1996a).
It describes the basic principles about how air
quality should be assessed and managed in the
Member States and provides a list of pollutants
to control. Each Member State has to divide its
territory in zones (parts of the territory) and ag-
glomerations (zones with a population density
of more than 250 000 inhabitants per km2 or
with a lower density but still needing a specific
air quality assessment). Air quality measure-
ments are mandatory for the agglomerations
and for the zones where the measured concen-
trations exceed the thresholds; where the levels
are below the limits, the sole use of modelling
or objective estimation techniques for assessing
levels is possible. Where pollutants have to be
measured, the measurements shall be taken at
fixed sites either continuously or by random
sampling; the number of measurements has to
be sufficiently large to enable the levels ob-
served to be determined. In the zones and ag-
glomerations with levels of one or more pollu-
tants higher than the limit value plus the mar-
gin of tolerance, the Member State has to pre-
pare a plan to attain the limit values within a
certain time span.
The existing air quality European legislation
is currently under revision under the Clean Air
for Europe (CAFE) Programme, launched in
2001 for the development of a Thematic Strat-
egy on Air Pollution within the Sixth Environ-
ment Action Programme (6EAP). Analysis un-
der CAFE programme highlighted the inade-
quacy of existing legislation about particulate
matter pollution. As a result, the European
Commission has recently (september 2005)
adopted a proposal for a new air quality direc-
tive, currently under reading, that has still to be
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approved both by the Council of Ministers and
the European Parliament.
At present the concentration of SO2 has
strongly decreased and attention has been def-
initely shifted on other pollutants strongly dan-
gerous for human health, such as tropospheric
O3, NOx and particulate matter.
Particulate matter is a mixture of solid and
liquid particles suspended in the air. While large
particles are mainly solid, small particles are
largely formed by gases. They are subjected to
a size distinction between PM10 (size ≤ 10 µm),
PM2.5 (≤ 2.5 µm), PM1 (≤ 1 µm) and PM0.1
(≤ 0.1 µm). PM10 are also called “thoracic” par-
ticles since they can penetrate into the lower
respiratory system; PM2.5, or “respirable” par-
ticles, as ultra fine particles are more dangerous
since they are more abundant and with a high-
er lung penetration potential. There is scientif-
ic evidence of the increase in respiratory and
cardiovascular diseases and mortality linked
with inhalation of particulates (Brunekreef and
Holgate, 2002).
4. Climate change
In parallel with growing awareness about the
stratospheric ozone depletion and the trans-
boundary gas pollution, during the eighties the
theory of anthropogenic global warming started
to be suggested and some international initia-
tives were established within UNEP.
In 1988 UNEP in conjunction with the World
Meteorological Organization (WMO) created
the International Panel on Climate Change
(IPCC) and subsequently conceived the United
Nation Framework Convention on Climate
Change (UNFCCC) in 1992 (UN, 1992). The
UNFCCC concerns all the greenhouse gases not
covered by the Montreal Protocol and parties
accept to compile periodical inventories of their
national emissions and produce national com-
munications reporting the actions to implement
the Convention (such as mitigation measures,
research, promotion of public awareness, etc.).
Under UNFCCC, in 1997 was adopted the Ky-
oto Protocol (UNFCCC, 1977), setting legally
binding emission targets for industrialized coun-
tries. The Kyoto Protocol focuses on the fol-
lowing substances: CO2, CH4, N2O, HFCs, PFCs
and SF6.
Generally, parties must reduce their emis-
sions with respect to a standard reference (or
base year) that is 1990 for the 38 signatory de-
veloped countries plus the European Union as
a whole; the countries with economies in tran-
sition (EIT) can choose another base year from
1990 to 1995, while developing countries have
not any quantitative target. Developed coun-
tries must reduce their emissions of at least
5.2% with respect to 1990 in the period 2008-
2012. The pre-2004 15 EU Member States are
covered by the “EU burden-sharing” agreement
which sets differentiated emission limitations
for each state ensuring the overall 8% emission
reduction commitment from the base-year to
the 2008-2012 period.
The protocol sets three mechanisms in order
to promote the cost-effectiveness of the mitiga-
tion actions. These mechanisms are: the Clean
Development Mechanism, allowing developed
countries to realize environmentally friendly
projects in developing countries; the Joint Im-
plementation, allowing developed or EIT coun-
tries to implement projects that reduce emis-
sions or increase removals in other developed
or EIT countries; the Emission Trading, allow-
ing a developed or EIT country to acquire emis-
sion credits from another developed or EIT
country that already has achieved its target. If
parties do not succeed in achieving their emis-
sion target, they must reach their target plus a
penalty of 30 per cent within the second com-
mitment period.
At present 172 states have signed and rati-
fied the Kyoto Protocol and in the list is in-
cluded the European Union as a party. As sig-
natories of UNFCCC, also parties which did not
ratify the Kyoto Protocol, such as Australia and
United States, annually provide national green-
house gas inventories following the instructions
set by IPCC (IPCC, 2006). Data from IPCC
about the so-called “Annex I Parties” (41 de-
veloped or EIT parties) show an average re-
duction of emissions of -10.6% in the period
1990-2005. Total greenhouse gas emissions in
2004 were 5% below 1990 level (EEA, 2006).
Over the 20th Century, the temperature of
Earth surface has increased on average by about
0.74 ± 0.18 °C (IPCC, 2007), phenomenon com-
monly known as “global warming”. Although a
certain number of people and organizations
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have expressed their scepticism, the scientific
consensus about the current climate change and
its anthropogenic origin is basically full, without
any substantial disagreement (Crowley, 2000;
Hansen et al., 2005; Ll, 2007; Oreskes, 2004).
The rise of the temperature has been relat-
ed to the increased concentration of some
gaseous substances in the atmosphere, identified
as “greenhouse gases”. There is indeed scientif-
ic evidence of their responsibility in intercept-
ing the infrared radiation reflected by the Earth
surface and its consequent partial re-emission in
the atmosphere. The ultimate result is that a
part of the infrared photons can not directly es-
cape to the space and the adsorption/re-emis-
sion leads to increase the atmospheric temper-
atures, stressing the so-called “greenhouse 
effect”.
The greenhouse effect is defined as the dif-
ference between the energy emitted by the
Earth surface to the atmosphere and that emit-
ted by the upper atmosphere to space (Berger
and Tricot, 1992). It is a natural phenomenon
essential for the habitability of our planet (Karl
and Trenberth, 2003), but the global energy bud-
get has been modified during the last two cen-
turies as a result of the modification in the at-
mosphere composition caused by human activ-
ities. The contribution to the greenhouse effect
had been estimated as approximately 60% for
water vapour, 26% for carbon dioxide (CO2),
8% for tropospheric ozone (O3) and 6% for
methane (CH4) and nitrous oxide (N2O), in ab-
sence of clouds (Kiehl and Trenberth, 1997).
The aggravation of the greenhouse effect has
been numerically described through the intro-
duction of the concept of radiative forcing (RF)
by the IPCC. In climatology, RF is defined as
the difference between the incoming radiation
energy and the outgoing radiation in a given cli-
mate system. The term was adopted by the
IPCC to designate an external imposed pertur-
bation in the radiative energy budget of the
Earth’s climate system, which may lead to vari-
ations in the climate parameters. The IPCC de-
fines RF as “the net change in net irradiance at
the tropopause after allowing for stratospheric
temperatures to readjust to radiative equilibri-
um” (Ramaswamy et al., 2001), where the net
irradiance is given by the difference between
the incoming radiation energy and the outgoing
radiation energy.
The contributions to the climatologic radia-
tive forcing (or the properly called greenhouse
effect) and to the IPCC radiative forcing (or the
aggravation of the greenhouse effect) of differ-
ent substances are summarized in Table 3.
The theory of the greenhouse effect aggra-
vation caused by the anthropogenic action,
claimed for the first time by the Swedish scien-
tist Arrhenius at the end of XIX century (Ar-
rhenius, 1896), began to get stronger during
1980’s (Maslin, 2004; Schneider et al., 1980),
generating lively debates, especially about un-
certainties in climate data sets and models.
High-accuracy methods for gas concentration
measurements started at the end of 1950’s for
CO2 (Keeling et al., 1979) and during 1970’s for
CH4 (Blake et al., 1982) and N2O (Weiss, 1981),
but the analysis of air enclosed in the ice cores
of Antarctica and Greenland revealed an expo-
nential rise of CO2, CH4 and N2O air abundance
during the industrial age (Neftel et al., 1985).
Carbon dioxide. Following data from the air en-
closed in the ice cores of Antarctica, the prein-
dustrial CO2 atmospheric concentration was in
the range of 275-284 ppm (Etheridge et al.,
1996), while in 2005 it was approximately 379
ppm. Half of the 100-ppm increase was reached
in about 200 years of industrialization (from mid
1700 to 1970s) while the remaining half was
achieved in approximately 30 years. High preci-
sion measurements of CO2 are currently carried
out at several sites in both hemispheres: the first
site is that of Mauna Loa (Hawaii), started in
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Table 3. Contribution of the different GHGs to the green-
house effect and their IPCC radiative forcing.
Gas Contribution IPCC radiative
to the greenhouse forcing 
effect (%)a (W m-2)b
CO2 26 +1.66
CH4 3 +0.48
Tropospheric O3 8 +0.35
ODSs <1 +0.32
N2O 3 +0.16
Water vapour 60 +0.07
HFCs+PFCs+SF6 <1 +0.02
Stratospheric O3 <1 -0.05
Aerosols <1 -0.50
a Source: Kiehl and Trenberth, 1997. b Source: IPCC, 2007. For
water vapour only: Hansen et al., 2005.
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1958, later supported by Baring Head (New
Zealand), Niwot Ridge (Colorado), Cape Grim
(Australia), Cape Matatula (American Samoa),
Ragged Point (Barbados), Mace Head (Ire-
land), Trinidad Head (California) and others,
under the WMO Global Atmosphere Watch
(GAW) programme.
While the main natural source of CO2 is the
autotrophic and heterotrophic respiration, the
anthropogenic CO2 emissions arise from several
different sources, mainly from the fossil fuels
combustion (for power generation, transports, in-
dustrial processes, residential and commercial
buildings), from the conversion of land from
forested to agricultural land, during certain in-
dustrial processes such as the cement manufac-
ture or the hydrogen production, and following
the combustion of biomass. The emitted CO2 can
be more or less efficiently absorbed (or “se-
questered”) by different natural “sinks”. The
main C sinks are oceans, plants, soils, sediments,
rocks and fossil fuels. Carbon dioxide readily dis-
solves in water and the oceans provide a reser-
voir of carbon. There is a continual cycle and
equilibration of dissolved CO2 in water with CO2
in the atmosphere. Nevertheless oceans seem not
to be an unlimited CO2 sink and globally only a
small fraction is found to dissolve deeper than
1500 m (Sabine et al., 2004). C subtracted by the
plants from the atmosphere represents the net
balance between the photosynthesis and respira-
tion processes and consists in the live vegetation
biomass. The majority of carbon stored in glob-
al vegetation is in forests (Goodale et al., 2002).
Soil C sequestration transfers atmospheric CO2
into the stable organic matter pools and it is
achieved through the adoption of adequate man-
agement practices (Lal, 2004). Limestone con-
tained in marine sediments and in land and
aquatic rocks represents a sink of carbon, so as
fossil fuels, the latter by now almost exhausted.
Besides the general impact of the climate
change, CO2 increase has some specific ecolog-
ical consequences. The increased dissolution of
CO2 in the oceans as carbonic acid induces wa-
ter acidification and therefore potentially re-
duces the skeleton formation of some key ma-
rine organisms, such as corals and planktons
(Feely et al., 2004; Orr et al., 2005). Further-
more, under increased CO2 levels, stomatal
apertures on plant leaves are observed to par-
tially close, reducing evapotranspiration (Field
et al., 1995) and therefore potentially increasing
runoff (Gedney et al., 2006). Plants generally in-
crease their productivity under elevated CO2
conditions (Thompson et al., 2005), nevertheless
CO2 enrichment seems to enhance soil micro-
bial respiration, potentially limiting C storage in
soils (Heath et al., 2005).
Methane. The methane concentration in atmos-
phere varied between 350 and 650 ppb (de-
pending on the glacial and interglacial periods)
over the last 160 000 years, and in the immedi-
ate pre-industrial period (1750) was approxi-
mately 715 ppb, following findings from the Vos-
tok ice core analysis in East Antarctica (Chap-
pellaz et al., 1990). Current high-precision mea-
surements are performed by a network of more
than 40 monitoring sites, controlled by
NOAA/ESRL (U.S. National Oceanic and At-
mospheric Administration/ Earth System Re-
search Laboratory) and AGAGE (Advanced
Global Atmospheric Gases Experiment). In
2005, the global average concentration of CH4
was approximately 1.78 ppm. While in the last
25 years of high-precision monitoring its con-
centration rose by approximately 30%, since the
end of 1990s this increase was nearly null and
the causes of this stabilisation are still largely
unclear. Furthermore, there are uncertainties
about the origin of the rapid increase over re-
cent centuries, since some human CH4-produc-
ing activities, such as biomass burning and rice
cultivation, were already widespread in pre-in-
dustrial times (Ferretti et al., 2005).
Natural sources of CH4 are microbial
methanogenesis due to organic C mineralization
under anaerobic conditions in waterlogged soils
(wetlands) (Whalen, 2005), the decomposition
of methane hydrates normally present in marine
sediments and in polar regions (Bhatnagar et
al., 2007), the termites metabolism (Sanderson,
1996), and terrestrial plants (Keppler et al.,
2006). CH4 is emitted also by a number of hu-
man activities, such as rice cultivation, rumi-
nants livestock farming, waste landfills, manures,
biomass burning, fossil fuels extractions, trans-
portation and combustion (Stern and Kauf-
mann, 1996). The largest sink for CH4 is the tro-
posphere, where it reacts with hydroxyl radicals
(OH-) forming water and CO2 (Lelieveld et al.,
1998). Another important methane sink is rep-
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resented by methanotroph bacteria, widespread
in aerobic soils and sediments, which use CH4
as a source of carbon (Mancinelli, 1995).
Tropospheric ozone. Tropospheric O3 interacts
with both short wave and long-wave radiation
and chemically influences CH4 and HCFCs,
therefore affecting directly and indirectly the at-
mosphere radiative budget.
Nitrous oxide. N2O ice core analyses revealed a
mixing ratio relatively stable over the 1 800
years before industrialization (approximately
270 ppb) and a rapid rise after 1750 (Meure et
al., 2006), producing a global average concen-
tration of 319 ppb in 2005. High-precision mea-
surements are at present performed at several
sites, under the NOAA/ESRL GMD, AGAGE
and WMO GAW programmes.
Natural N2O sources are tropical and tem-
perate soils and oceans (Hirsch et al., 2006),
through the microbial processes of nitrification
and denitrification. The dominant anthro-
pogenic N2O sources are agricultural soils and
biomass burning while industry and combustion
are minor contributors (Rockmann et al., 2003).
The main sink of N2O is stratosphere, where it
is photochemically destroyed. This is the reason
why N2O is the major source of stratospheric
O3-depleting NOx.
Ozone depleting substances. ODSs and a num-
ber of their substitutes (i.e. hydrochlorofluoro-
carbons, and perfluorocarbons) are other rec-
ognized greenhouse gases, not naturally present
in the ancient air and introduced in atmosphere
by human activities (Velders et al., 2007). They
are monitored by NOAA/ESRL GMD, AGAGE
and WMO GAW networks. Among Montreal
Protocol gases, the most relevant contribution
to global warming is given by chlorofluorocar-
bons (CFCs). The use of CFCs has been large-
ly phased out under the Montreal Protocol, but
their presence in atmosphere is still high be-
cause of their long lifetime. In addition, hydro-
fluorocarbons (HFCs), perfluorocarbons (PFCs)
and sulphur hexafloride (SF6), used as Montre-
al gases substitutes for refrigeration and other
uses, albeit benign to stratospheric O3, are
greenhouse gases (Shine and Sturges, 2007).
Hydroxyl radical. OH- is the major oxidation
agent in the atmosphere and determines the
self-cleansing capacity of the troposphere. It is
formed in the atmosphere by the reaction of ex-
cited atomic oxygen with water. Its high reac-
tivity leads to destroy CH4, HCFCs and HFCs
and therefore contributes to determine the to-
tal anthropogenic radiative forcing (Ehhalt,
1999). Its formation is dependent on the solar
UV radiation and the water vapour concentra-
tion and it is therefore controlled by the stratos-
pheric O3 layer thickness (Naik et al., 2005).
Water vapour. From the high precision mea-
surements performed at Boulder (Colorado)
since 1980, there is evidence of increasing
stratospheric water vapour concentration (Olt-
mans et al., 2000). The causes of this increase
are largely unclear, but it is acknowledged that
CH4 increased concentration is partially re-
sponsible of this, since the photo oxidation of
CH4 is the primary source of water vapour in
the stratosphere (Rohs et al., 2006).
Stratospheric ozone. One of the consequences of
the stratospheric O3 layer depletion is the change
of the tropospheric energy balance, absorbing
both the incoming short-wave solar radiation and
the Earth’s long-wave radiation emitted.
Aerosols. The atmospheric aerosols, that are air-
borne solid particles or liquid droplets, are re-
sponsible of scattering and absorption of in-
coming short-wave and long-wave emitted radi-
ation (Bellouin et al., 2005). They also affect
composition, amount and lifetime of clouds
(Lohmann and Feichter, 2005; Novakov and
Penner, 1993). The anthropogenic aerosols have
a heterogeneous composition, including: sul-
phate aerosols, composed by sulphuric acid part-
ly or totally neutralized by ammonia; nitrate
aerosols, formed by reaction of nitric acid with
ammonia after sulphuric acid is totally neutral-
ized; organic aerosols, composed by several dif-
ferent carbon compounds and produced by the
fossil fuel and biofuel combustion; black carbon,
that is a form of carbon produced by the in-
complete combustion of fossil fuel, wood, and
biomass; mineral dust aerosols, mainly produced
during soil disturbance following agricultural
practices and during cement production and
transport (Andreae, 2007; Kalberer et al., 2004;
Schaap et al., 2002; Schaap et al., 2004). The ra-
diative forcing of the singular aerosol classes
can be very different, being negative for the ma-
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jority of them and positive for black carbon;
IPCC produced a combination of these differ-
ent values, reported in Table 3.
5. The role of the agriculture in the climate change
The evaluation of the impact of agriculture on
the state of the climate is extremely composite,
involves manifold aspects and therefore re-
quires an integrated approach.
Data from UNFCCC Secretariat estimate a
total contribution of agriculture of 10-12% (5.1-
6.1 Pg CO2 eq per year) of the total greenhouse
gases (GHGs) anthropogenic emissions in 2005
(Verchot, 2007). This sector accounts for 59-63%
global non-CO2 GHGs emissions: in detail 84%
of globally emitted N2O and 54% of CH4 (EPA,
2006). Energy related CO2 emissions (including
emissions from manufacture of fertilizer) from
agriculture are comparatively low (0.6 Pg CO2
eq), but the consumption of fossil fuels consid-
erably increases when food industry and relat-
ed transport are considered. Furthermore, it is
opportune to take into account as contribution
of the agriculture sector also the emissions fol-
lowing the conversion from natural grassland
and forest to croplands or pasturelands: land use
change is currently associated to an estimated
emissions value of 7.6 Pg CO2 eq per year.
Agricultural activities mainly act on the at-
mosphere composition and the climate change
through three sets of processes:
i) the land use change,
ii) the emission of GHGs, and 
iii) the GHGs mitigation (Seguin et al., 2007).
5.1 Land-use change
The change of the land-use due to agriculture
activities affects the climate both modifying the
soil-atmosphere fluxes of heat and moisture and
emitting CO2.
Agriculture has an impact upon the local and
global climate through the transformation and
management of the vegetation. The vegetation
itself and its impact on land cover influence the
transfer of heat and moisture from the land sur-
face to the air, in relation to leaf area, stomatal
resistance, root depth, albedo and surface
roughness (Raddatz, 2007). Agriculture activi-
ties leaded to a vast change in the global land
use, thus altering the vegetation distribution and
therefore the climate. For example, deforesta-
tion reduces net radiation and precipitation and
increases surface temperatures while irrigation
has opposite effects (Franchito and Rao, 1992).
Expansion of cultivated land is currently lim-
ited to some tropical humid regions, but in the
past three centuries the area of cultivated land
increased on average by 600% and currently the
best estimate obtained from census data and
satellite images states that croplands and pas-
turelands cover 12% and 22% of the Earth’s
land surface, respectively (Raddatz, 2007). It is
estimated that man-made changes in land-use
have, until now, produced a cumulative global
loss of C from the land of about 170 Pg. Loss-
es primarily occur due to the reduction of the
relatively long-term plant and soil carbon sinks
of natural grassland forests being replaced by
agricultural land (Sauerbeck, 2001).
5.2 Direct nitrous oxide emissions
Anthropogenic N2O emissions are largely bio-
genic (i.e. microbiologically mediated) and the
contribution of abiogenic processes, such as bio-
mass burning, is negligible. For example, data
from UNFCCC Secretariat for European Union
(27) in 2005 show that the large majority of N2O
was emitted from agricultural soils (88.0%) and
manure management (11.8%).
Biogenic production of N2O in soil is main-
ly attributed to two microbiological processes:
nitrification and denitrification (Bateman and
Baggs, 2005; Granli and Bockman, 1994 and ref-
erences therein). Nitrification is an aerobic
process carried out by both autotrophic and het-
erotrophic microorganisms. The two-steps au-
totrophic nitrification is partly performed by the
ammonium oxidizers (responsible of the trans-
formation from NH4
+ to nitrite and identified
by Nitroso- prefix) and partly by the nitrite ox-
idizers (responsible of nitrite to nitrate oxida-
tion and designated by Nitro- prefix). N2O is a
by-product of nitrification but it still unclear the
mechanism of its production (Khalil et al.,
2004). It is however acknowledged that one of
the processes involved is nitrifier denitrification,
i.e. the use of nitrite (NO2
-) as an alternative
electron acceptor by ammonia oxidizers under
O2 limiting conditions thus producing N2O
(Wrage et al., 2001). Under certain conditions
of low pH and high organic compounds avail-
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ability (coniferous forests), a number of het-
erotrophic microorganisms, mainly fungi, can
oxidise NH4
+ or organic N compounds to obtain
energy. The importance of heterotrophic nitrifi-
cation in N2O production, although not fully in-
vestigated, is rather limited (Pedersen et al.,
1999). Denitrification can be performed both by
heterotrophs and autotrophs. The most wide-
spread process is heterotrophic denitrification,
where microorganisms (both bacteria and fun-
gi) use NO3
- or NO2
- as primary electron ac-
ceptor under anaerobic conditions. Denitrifying
bacteria follow different reduction pathways,
leading to the production of only N2O, only N2
or a mixture of them, depending on the species
but also on the environmental conditions (Hof-
stra and Bouwman, 2005). Autotrophic denitri-
fication only occurs in very limited conditions
(e.g. in zones rich in FeS) when specific mi-
croorganisms obtain energy from NO3
- for the
oxidation of inorganic compounds, such as S2-
and Fe2+ (Manconi et al., 2007). A minor abio-
genic N2O-producing process is chemodenitrifi-
cation that is the chemical decomposition of
NO2
- following the reaction with some organic
and inorganic compounds.
The major regulators of nitrification and
denitrification are soil texture and pH, temper-
ature, soil aeration, water content, quantity and
quality of organic C and nitrogen availability.
Soil aeration depends on water content, diffu-
sion of O2 into the soil and consumption of O2
by soil microorganisms and plant roots. Agri-
cultural activities can therefore affect it mainly
trough irrigation, tillage and availability of or-
ganic substrates. Several studies demonstrated
that N2O emissions are largest when in the soil
both aerobic and anaerobic micro sites are
abundant, while anoxic conditions favour N2
production. Soil water content, which can be di-
rectly controlled by human activities such as the
irrigation or the drainage, strongly affects mi-
crobial populations, being limiting for their ac-
tivity and affecting O2 and nutrients availabili-
ty. As most of soil organisms, nitrifiers and den-
itrifyiers obtain their energy and substance from
organic materials, which directly regulate their
activity. Moreover, an indirect effect of organic
materials availability is given by enhanced mi-
crobial activity promoting O2 consumption and
therefore favouring the presence of anoxic mi-
cro sites. The presence of organic materials can
be regulated by agricultural practices such as
manuring, return of crop residue and vegetal
covering (Arcara et al., 1999; Baggs et al., 2000;
Lopez-Fernandez et al., 2007). The presence of
growing plants implies the production of root
exudates thus stimulating microbial activity. The
impact of crops and vegetation on nitrification
and denitrification is also related to root O2
consumption, N mineral uptake, water use, soil
porosity and structure affected by roots, reduced
diurnal temperature fluctuation.
The availability of inorganic N forms, such
as NH4
+ and NO3
-, are regulated in the soil by
soil organic matter mineralization, atmospheric
deposition, nitrogen fixation and plant uptake.
Agricultural practices can strongly affect the N
availability, primarily through fertilization. Fol-
lowing the estimates provided by IFA (Interna-
tional Fertilizer industry Association), the glob-
al use of N is approximately 200 millions of t
per year and this data is expected to further in-
crease in the future to sustain food production.
Furthermore farmers use large quantities of an-
imal manure to fertilize crop and grassland. The
N supplied through fertilizers and manures is
not efficiently used by plants therefore result-
ing in losses to the environment through leach-
ing, volatilisation and gaseous losses. Farmers
have several opportunities to limit N2O emis-
sions adopting appropriate practices regarding
type and amount of fertilizer applied, method
and time of application, composition of ma-
nure. Most techniques proposed to match N
supply and demand are found to be effective
to limit N2O emissions, e.g. the use of the prop-
er form and amount of N fertilizer according
to soil and crop type and climatic conditions
(Clayton et al., 1997), the addition of nitrifica-
tion inhibitors (Abbasi and Adams, 2000; Mc-
Taggart and Tsuruta, 2003), the choice of tillage
moment and crop rotation (Wagner-Riddle and
Thurtell, 1998), the modification of manure
composition both through animal diet and ma-
nure processing (Amon et al., 2006; Velthof et
al., 2005).
The agricultural activity contributes to over-
all N2O emissions also through the manure stor-
ing. The emission of N2O during the storage de-
pends on the nitrogen and carbon content of
manure, on the duration of the storage and on
Ital. J. Agron. / Riv. Agron., 2010, 5:79-101
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the type of manure treatment (Amon et al.,
2006). The composition of manure can be mod-
ified through the animal diet, in order to im-
prove productivity and at the same time reduce
N content of urine and faeces (Oenema et al.,
2001; Reijs et al., 2007; van Vliet et al., 2007) or
through several type of processing, such as aer-
ation (Loyon et al., 2007), addition of straw
(Thorman et al., 2007), solid-liquid separation
(Hansen et al., 2006) or digestion (Sommer et
al., 2000).
5.3 Direct methane emissions
The primary contribution of livestock to CH4
emissions is through the enteric fermentation,
that is the digestion process performed by mi-
croorganisms present in the stomachs of herbi-
vores, leading to simple molecules production
from complex carbohydrates; CH4 is a by-prod-
uct of this process. The strategies for reducing
CH4 losses from enteric fermentation include
improving rumen fermentation efficiency using
inhibitors of the methanogenesis or feed addi-
tives, introducing in the diet high digestibility
feeds and modifying rumen microflora (Sirohi
et al., 2007).
Livestock manure gives a significant contri-
bution to global CH4 emissions, technically sur-
mountable or better exploitable for energy pro-
duction. The anaerobic digestion of manure can
in fact lead to the production of biogas utiliz-
able as substitute of fossil fuel contemporane-
ously reducing CH4 emissions (Moller et al.,
2004).
Rice fields have a high potential to produce
CH4. Methanogen bacteria are strict anaerobes
and require highly reducing conditions, as oc-
curring in flooded rice fields. Mitigation options
include water management (mid-season
drainage), addition of oxidant substances such
as sulphates and nitrates, minimizing the incor-
poration of organic amendments (e.g. rice
straw), choosing the right rice variety (with low
C root exudates and an high harvest index and
having a low aerenchymatic CH4 transport) (Ya-
gi, 2006).
5.4 GHGs mitigation
In addition to reducing emissions from specific
activities, the agricultural sector offers other op-
portunities for the climate change mitigation. In
fact agriculture is expected to contribute to the
atmospheric CO2 concentration stabilisation
through the substitution of fossil fuels by bio-
fuels and the sequestration of C in soil and veg-
etal biomass.
The vegetal biomass can be used directly for
energy production (solid combustion of wood
and residue of crops, e.g. sugar cane or maize),
and indirectly for the production of liquid fuels
such as bioethanol or biodiesel, or for biogas
production (Demirbas, 2005). C released during
the combustion of vegetal biomass is potential-
ly balanced by C reabsorbed by new plant
growth. However the net effect on the overall
greenhouse effect is still in discussion since the
cultivation of biomass for energy production im-
plies the use of N fertilizer, enhancing N2O
emissions (Crutzen et al., 2007). Furthermore
the extent of the fossil fuel-CO2 saving is not
defined yet given that the energy balance of the
biomass cultivation is currently under evalua-
tion (Farrell et al., 2006). The terrestrial C sinks
that can be enriched to contrast atmospheric
CO2 increase are principally living vegetal bio-
mass and soil organic matter (Lal, 2008).
Forestation, reforestation and agroforestry
are possible way to sequester C from atmos-
phere to plant biomass (Montagnini and Nair,
2004; Sedjo, 1993).
Since land use change from forest and nat-
ural grassland to cropland has depleted soil C
content over past millennia, agricultural soils at
present represent a potential CO2 sink (Paust-
ian et al., 1997). It is subsequently obvious that
the potential to sequester C by soils is not un-
limited and native soil C content represents the
ideal maximum attainable C level (Paustian et
al., 2000). There are several management prac-
tices to adopt in order to enhance soil C con-
tent, such as reducing or eliminating soil tillage,
enhancing crop residue return, using animal ma-
nures, conversion to more intensive cropping
systems (Freibauer et al., 2004; Halvorson et al.,
2002; West and Marland, 2002).
Provided that the increase of the soil C stock
undoubtedly has several positive externalities
for agricultural systems besides C sequestra-
tion, the effectiveness of transferring atmos-
pheric CO2 to terrestrial stocks is still debat-
ed. The main ambiguity is linked to the
timescale of C sequestration. Fossil fuel emis-
Bertora C., Alluvione F., Zavattaro L., Grignani C.
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sions, constituting the main CO2 pool to con-
trast, are basically irreversible, whereas plant
and soil C are vulnerable to return to the at-
mosphere in the course of decades or centuries.
This is the main reason why many scientists
refuse the idea implied in the Clean Develop-
ment Mechanism of the Kyoto Protocol, that
enlarging terrestrial C sink is equivalent to re-
duce fossil fuel consumption (Ingram and Fer-
nandes, 2001; Sauerbeck, 2001).
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